Abstract-We report the polarization stability and small-signal characteristics of single-polarization single-mode vertical-cavity surface-emitting lasers (VCSELs) emitting at 894.6-nm wavelength for Cs-based miniature atomic clock applications. Polarization control is achieved by integration of a semiconducting surface grating in the top Bragg mirror. The VCSELs are polarized orthogonal to the grating lines with a peak-to-peak difference between the dominant and the suppressed polarization modes reaching 29 dB even at substrate temperatures up to 65 C. A modulation bandwidth of more than 5 GHz is reached at only 0.5-mA bias. Modulation current efficiency factors larger than 12 GHz are achieved. Moreover, the intrinsic modulation characteristics of the VCSELs are investigated. A -factor of less than 0.30 ns and a maximum 3-dB bandwidth exceeding 30 GHz are obtained.
I. INTRODUCTION
A TOMIC clocks are stable frequency sources which provide enhanced accuracy and stability required for many recent civil and military applications ranging from communication systems to synchronization of communication networks as well as global positioning systems (GPS). For example, atomic-clock-based GPS receivers could lock more rapidly to satellites, allowing for faster acquisition of precise positioning information. Nowadays, such applications are increasingly demanding frequency sources with long-term instabilities below over one day, which cannot be afforded by quartz-based clocks. However, the size and power requirements of classical atomic clocks far exceed those of quartz-based frequency sources. Atomic clocks with low power consumption, ultra-small volume, and high stability are of great interest today. Hence, research into ultra-miniaturized atomic clocks has been initiated in particular in the United States of America [1] , [2] . VCSELs are compelling light sources for such clocks, since they simultaneously meet the requirements of 65 to 80 C temperature operation while emitting a 
It is called MEMS atomic clocks for timing, frequency control & communications (MAC-TFC).
In this letter, the static and dynamic properties of VCSELs to be employed in these clock demonstrators are reported.
II. VCSEL DESIGN AND FABRICATION
The VCSEL is grown by solid-source molecular beam epitaxy on n-doped (100)-oriented GaAs substrates. There is a highly n-doped GaAs contact layer above the GaAs substrate to allow n-contacting. The bottom n-type distributed Bragg reflector (DBR) consists of 38.5 Al Ga As Al Ga As layer pairs. The active region contains three compressively strained InGaAs quantum wells with or 4.5% indium content. A 30 nm thick AlAs layer is grown above the active region. It is wet-chemically oxidized to a diameter of 3 to 5 m in order to achieve single transverse mode laser oscillation. An Al Ga As Al Ga As p-type DBR with or 28 layer pairs is grown on top of the AlAs layer. For the purpose of integration with the clock microsystem, flip-chip-bondable VCSEL chips have been realized (Fig. 1) . For polarization control, a semiconducting surface grating is etched in the top Bragg mirror [6] . The polarizing effect is induced by the difference in optical losses and thus threshold gains of modes polarized parallel or orthogonal to the grating lines. Compared to standard VCSELs, the fabrication of grating VCSELs involves just a few additional processing steps, namely the definition of the grating and its subsequent etching at the beginning of the fabrication sequence. For so-called inverted grating VCSELs [7] , an extra topmost GaAs quarter-wave antiphase layer is added. The emission of these devices is always polarized orthogonal to the grating lines independent of the etch depth. Surface gratings 1041-1135/$26.00 © 2011 IEEE are easy to adapt to different devices, since the major grating parameters scale with the emission wavelength [6] . Therefore, the grating design parameters selected in this work are based on simulations and experimental results of VCSELs emitting in other wavelength regimes. Inverted gratings with quarter-wave etch depth, sub-emission-wavelength grating periods (specifically 0.6 m), and 50% duty cycle have been employed. These grating parameters have shown the best performance in terms of low threshold current, low diffraction loss, and high orthogonal polarization suppression ratio [7] .
III. POLARIZATION STABILITY
Since the VCSELs incorporated in atomic clock microsystems experience high ambient temperatures, their polarization stability has been investigated under elevated temperature conditions. As a representative example, Fig. 2 shows polarization-resolved light-current characteristics of a grating VCSEL with and at 65 C substrate temperature. The dashed and dashed-dotted lines indicate the optical powers and (for better clarity) measured behind a Glan-Thompson polarizer whose transmission direction is oriented orthogonal and parallel to the grating lines, respectively. The device remains polarization-stable up to 5 mA with a maximum magnitude of the orthogonal polarization suppression ratio (OPSR) as high as 21 dB, where OPSR . Fig. 3 depicts the polarization-resolved spectra at 65 C. The target wavelength is reached at a current of 2.2 mA with a side-mode suppression ratio (SMSR) of almost 50 dB and a peak-to-peak difference between the dominant and the suppressed polarization modes of 29 dB, which well exceed the 20 dB specifications. However, for the same current, the magnitude of the OPSR calculated from the powers in the two polarizations is only 19.2 dB. This difference originates from the integration of the spectral intensity over the complete sensitivity range of the photodiode used to measure the optical powers. Thus, all the power of the spontaneous emission and of the suppressed modes is included.
IV. DYNAMIC CHARACTERISTICS
Cs-based MEMS atomic clocks require VCSELs with modulation bandwidths of at least 5 GHz. The small-signal modulation response curves of a VCSEL with 3 m active diameter are shown in Fig. 4 for different bias currents and room-temperature operation. A sufficient 3-dB bandwidth of 5.7 GHz is obtained at only 0.5 mA bias current. This bias is just 0.25 mA above threshold. The maximum bandwidth is about 12 GHz. The modulation behavior at different bias currents was also measured at an elevated substrate temperature of 65 C for the same VCSEL. Fig. 5 depicts the extracted 3-dB corner frequencies versus at room temperature and 65 C ambient temperature, where the modulation current efficiency factors (MCEFs) are as high as 12.3 and 10.6 GHz , respectively. The modulation response curves introduced in Fig. 4 represent the superposition of the intrinsic frequency modulation response of the VCSEL and the modulation response of the electrical parasitics attributed to the structure of the VCSEL chip and can be approximated by a three-pole transfer function [9] ( 1) where is a device-dependent constant, is the modulation frequency, is the resonance frequency, is the damping coefficient, and is the 3-dB corner frequency of the electrical parasitics, which can be represented by an electrical equivalent-circuit model (Fig. 1) . Neglecting thermal effects and spontaneous emission, the resonance frequency is current-dependent, where is the current injection efficiency, is the differential gain coefficient, is the bias current and is the threshold current. The resonance frequency is related to the damping coefficient via the so-called -factor. The microwave reflection spectra of VCSEL chips have been measured with a 50 network analyzer at different currents in order to obtain the associated input impedance spectra . Fig. 6 illustrates the real and imaginary parts of the measured spectrum for the VCSEL chip from Fig. 4 at mA along with curve fits from the equivalent-circuit model. Based on the extracted values of the circuit elements, precise fits of the measured modulation response curves can be performed and and can be extracted. Fitted modulation response curves for the laser from Fig. 4 at 20 C and 65 C substrate temperatures and a bias current of mA are displayed in Fig. 7(left) . It is noticed that the resonance peak shifts to lower frequency and the damping decreases with increasing substrate temperature even at equal bias conditions, which can be attributed to a decrease of and . The very good fit results indicate that carrier transport and capture effects can still be neglected in this frequency regime. They would appear as another first-order low-pass in (1) [9] . From the fit parameters, the -factor is then obtained as the slope of plotted against , shown in Fig. 7(right) . It has a value of about 0.28 ns for both substrate temperatures. The maximum damping-limited 3-dB bandwidth is 31.5 GHz according to [9] .
